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AB8TBACT 


The veb growth process is s silicon-sheet technology option that is 
being developed for the Flat-Plate Solar Array (F8A) Project, which is 
sponsored by the U.S. Department of Energy. 

In order to achieve the FSA price goal of $0.70/Wp, certain required 
production-rate and sheet-quality standards must be met. Based on research 
and development experience, base-case data for the technical and cost para- 
meters that could be achieved for the technical and c<»nercial readiness phase 
of the FSA project are projected. 

This study presents a sensitivity analysis of the process add-on price, 
using the base-case data in terms of cost parameters such as equipment, space, 
direct labor, materials and utilities, and the production parameters such as 
growth rate and run length, using a computer program developed specifically to 
do the sensitivity analysis with Improved Price Estimation Guidelines. The 
sensitivity analysis is also performed with respect to silicon pri*:e, sheet 
thickness and cell efficiency. 
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BXEGUTIVB 8SMMAIT 



TlM «wb grcMfth procats it oat of tlM tilieon-thcot tochiMlogy optiMt 
that it baing davalo^ by WatCin^outa K&D Cantar (V8SC) for tha FlaC-Plata 
Solar Array (FSA) Project, tpontorad by tha U.8. Mpartaant of BMrgy. Tha 
add-on price goal fw tha web procatt it $38.60/a^ or $0.29/H- at an 
encapsulated cell efficiency of 14. OZ. This it consistent with the FSA 
Project price goal of $0.70/Hp (1980 $) for photovoltaic aodulet with 
efficiency of 13. 3Z. 


The present study perfoms a sensitivity analysis of the process add-on 
price in teras of cost paraaeters such as equipaent, space, direct labor, 
aaterials and utilities, and productiem paraaeters such at growth rate and run 
length. The sensitivity analysis is alto perforaed with respect to silicon 
price, sheet thickness ai«l cell efficiency. The coaputer prograa developed 
specifically for doing the sensitivity analysis with Interia Price Estiaation 
Guidelims (IPEG) is used in this study. 


The add-on price for Che process it estiaated at $22.82/a^, based on 
the data provided by WRDC for Che projected web technology. The breakdown of 
the add-on price of $22.82/a^ in teras of the cost paraaeters itdicates that 
Che priaary cost driver is direct labor, which contributes 37.5/Z of the price 
with the assuaptim of 18 furnaces per operator (FPO). The sensitivity 
analysis shows that by varying the FPO froa 6 to 24 the price is reduced froa 
$39.97/a^ to $20.67/a^ and the corresponding direct-labor contribution is 
substantially reduced, froa 64Z to 31Z. By increasing the FPO to 30, the 
price and labor contribution are reduced to $19.39/a^ and 26.54Z, respectively, 
which is of aarginal benefit. Contribution of equipaent cost to the price is 
33.72%, which is nearly equivalent to that of direct labor. 


The web technology has been developed reaarkably by Uestinghouse R&D 
Center <hiring Che last five years. No serious technical probleas are foreseen 
in aeecing Che Technical Readiness goal of $0.70/Wp. Several conceptual 
approaches exist to enhance this technology further, leading to a $0.50/Wp 
level. Research and developaent efforts required for this should be initiated 
soon. 
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SECTION 1 


INTB(H>UCTZOM 


The FlaC-Pletc Solar Array (FSA) project, apcmaored by the U.8. 

Departeent of Energy, haa teaptmaibility for developing photovoltaic solar 
array technology to aMke it technically feasible and coneMrcially viable. The 
project goals are to achieve Technical Readiness for producing photovoltaic 
■odules at the price of $0.70/Wp by 1982, and to achieve Comercial Readiness 
by 1986. (All aonetary figures'^in this docwsent are in 1980 dollars.) 

Developing the technology for aanufacturing large-area silicon sheets is 
one of the tasks in the Technology Developaent Area of the FSA Project. Sev- 
eral sheet-growth technologies are being developed in parallel under this task; 
the silicon web grotfth process is one of thea. The Westin^ouse R&D Center 
(VffiOC) has been working <hi web process developaent for the FSA Project since 
1974. 


The web process is described briefly thus: Polycrystallinc silicon, as 

pellets or in siailar fora, is fed into a quarts crucible and is aelted by 
heating the crucible in a furnace. The furnace consists of a aolybdenua 
susceptor and heat shields. The growth process is initiated froa a thin wire- 
like seed, which is brought into ccmtact with the aolten aetal in the crucible 
through a slot in the susceptor cover. The seed front grows laterally to fora 
a button. The seed is withdra%m and dendrites continue froa the ends of the 
button in the aelt. The web is foraed by the solidification of the liquid 
fila foraed between the dendrites and the button. The width reaches a steady 
state deterained by the theraal conditions in the aelt. The ribb(»i is with- 
dratm and rolled on a reel. Thickness, width and growth rate are functions of 
the diaensions of the slot in the susceptor cover and the theraal factors. 

Much attention has been given to autoaating the process to ainiaise the 
direct labor requireaent. It will be shown below that direct labor is web's 
priaary cost driver, contributing 38Z of the add-on price of the process. 

Accordii.g to the Price Allocation Guidelines (Reference 1), the add-on 
price goal for the mb process is $38.6/a^. At the present level of deaon- 
strated technology, the price estiaate is several tiaes higher than the goal. 

A detailed cost analysis (References 2 and 3) was done by WRDC (1978 to 
1980) using an earlier version of the Interia Price Estiaation Guidelims 
(IPEG) (Reference 4). The results of the previous studies are updated, the 
coaputation of direct labor cost has been iaproved and the aore recent version 
of IPEG (Reference 5) is used in the present study. 

It is desirable to perfora a sensitivity analysis of the estiaated price 
in teras of production rate and cost paraaeters. Given the add-on price of 
the web process, based on WRDC projected data, the sensitivity analysis is 
perToraed with respect to silicon price, sheet thickness and cell efficiency. 
SAIPEG, a coaputer prograa especially developed to pe font the sensitivity 
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•nalyvis, ualng IP^t is used in this study. The results will aid in 
identifying the prisMry coat drivers and the sensitivity range of variations In 
the Inportant paraaeters. This Infomatlon will help in setting the direction 
of future technolo^ development efforts. 
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SECTIOII IX 


SEltSmVITY ANALYSIS USING IPEG (SAIPEC) 


The price of my etenderd eeeeal>ly*‘llne proeeee le eeciaeted by 

uelng the SAMICS (Reference 6) procedure end the SAMIS (Reference 7) progm 
developed by JPL. The coqniter cost of ueing SAMIS ie on the order of $100 
per run. The uee of SAMICS/SAMIS procedure for doing e eeneitivity enelyeie 
of e proeeee involving lerge mnbere of rune ie therefore prohibitively 
expeneive. The price eetiaetion ueing the IP^ procedure ie coneidered to be 
of eufficient eceurecy to do the eeneitivity enelyeie. 

SAIPEG ie e computer progrm (written in FORTRAN) for doing the eenei- 
tivity enelyeie ueing IPEG; the SAIPEG procedure ie deecribed below. 


A. PRICE ESTIMATKH) 

The IPEG2 (improved vereion of IPEG, Reference 5) equation ueed in the 
current etudy ie: 

AMC - Cl X EQPT 4^ C2 X AREA + C3 x DLAB * x (MATS UTIL) (1) 


where 


AHC 

EQPT 

AREA 

DLAB 


^nuel Manufacturing Coet ($/yr). (Required annual 
revenue end AMC ere ueed interchengeebly. ) 

Totel inetelled coet of the equipment ($). 

Aree required by the proeeee equipment end ite 
operetore for the production unit (ft^). 

Annuel coet of direct lebor ($/yr). 


MATS " Annuel coet of meteriele end euppliet ($/yr). 

UTIL “ Annuel coet of utilitiee ($/yr). 


Cl 


The coefficient correeponding to EQPT> e function of 
the Equipment Lifetime (ELT). ELT is aseuMd in thie 
etudy to be the eeme for ell equipewnt. 


Cl • 0.83 for ELT of 
■ 0.65 for ELT of 

- 0.57 for ELT of 

- 0.52 for ELT of 

- 0.48 for ELT of 


3 yeere, 

5 yeere, 

7 yeere, 

10 yeere, 

15 yeere, end 


■ 0.46 for ELT of 20 yeere. 
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C2 ■ Th« cMirieUnt eorratponding co ASEk ($/ft^/yr). 

C2 - 109.0 

C3 ■ Th« coefficient eorroano^ing to DLABy varying with 

labor pay rataa uaad iu eoapoting D1.AB (including 
frii^a banafitai or not)t 

C3 ■ 2.1 if fringe henefita ere included in K.AB 
and 

■ 2.8 if fringe henefita ere not included. 

C4 ■ The coefficient correaponding to THATS end OTXL. 

C4 - 1.2. 

BQPTi A8EA, DLAB, MATS and CTIL are referred to aa coat pareaMtera. The 
add-on price ia eatiaated ea followat 


mCB - AMC (S)/QTYPYR (ai^) 


( 2 ) 


i^ere 


QTYPtR ■ The quantity of aheet produced per year («^/yr'. 


B. INPUT DATA 

The coat pareawtera and the quantity produced per year are in turn 
coaputed uaing the baaie data for the proceaa aa deacribed below. The input 
data for the exaaple considered are given in Table 1. 


C. PRODfKrriON 

WPTR - (365 - DTPTNP) x 24/8NLNHt (3) 

DTCY - RNLIOIR - (ECLT ♦ KMSCT * TCCDT)/RNLI0iR (4) 

QTYPRN ■ RBWa< x CRCHPM x RNLNHR x RBPF x FPPO x PRYL x DTCY 

X (60.0 X 0.0001) (5) 

and 

QTYPYE - OTYPRN x RNPYR (6) 

i^ere 

RNLNHR ■ Run length ir hours. This includes: 

(1) Equipaent cleaning at^ loading tiae. 

(2) Heating, aelting and atart-of-growth tiaie. 
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Tabic 1. B^aa-Caae I^it Dace for tiia Add-On Price 
latiaata Oalng SAiPIO 


PIOPOCTIOil 


Mt^«r of fumaeac per production t»it 

(PPlrU) 

1.00 

Ikniber of ribbona per fcmece 

(RRPP) 

1.00 

Ribbon width (cn) 

(tBHCN) 

5.00 

Growth rate (cn/ain) 

(CRCMFH) 

5.00 

Sun length (h) 

(MUIRR) 

72.00 

Equipaent cleaning anJ loadi^ ti^ (h) 

(■GLT) 

1.00 

Heating, aelting and itart--of-growth t^ (h? 

(mOGT) 

3.00 

Teraination-of'growth and cool-down tiae (h) 

(TGCDT) 

3.00 

Nonproductive downtiae per year (days) 

(OTPTNP) 

14.00 

Process yield 

(PRTL) 

1.00 


iODIPiyiT 


Furnace ($/esch) (based on 

pirchase of l 60 ) 

(FRMC) 

15,400.00 

Equi^nt lifetiae (yr) 

(ELT) 

7.00 

Area for one furnace unit 

AREA 

(ft^) 

(ARPF) 

30.00 


PIIECT LABOR 


Fringe benefits included 

(FRBNIN) 

No 

Labor pay rate ($/h) 

(PRTLB) 

6.30 

Ntaber of furnaces per operator 

(FPO) 

18.00 

MATERIALS 

Crucible ($/furnace) 

(CRCBL) 

14.03 

Crucible lifetiae (runs) 

(CRLT) 

1.00 

Furnace argon flow rate ( ft^/h/furnace) 
Argon rate (S/lOO ft^) 

(FAFR) 

2.00 

(ASGPR) 

4.20 


UTILITIES 


Furnace power conttaiption (kW/furnace) (FURPC) 

Electricity power rate ($/kWh) (EPRT) 


3.00 

O.OS 
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(3) Automated silicMi web growth. 



(4) Termination of growth atsl cool-down time. 

DTPYNP 

■ 

Nonproductive down time per year. This time is used 
for annual repair and preventive maintenance. 

RNPYR 

■ 

Number of runs per year (see Equation 3). 

ECLT 

■ 

Equipment cleaning and loading time (h). 

HMSGT 

■ 

Heating, melting, aiul start-o£-growth tiTO (h). 

TGCDT 

a 

Termination-of-growth aiKl cool-down time (h). 

DTCY 

m 

Duty cycle, the ratio of the actual production time 
(h) to RNIJIHR, obtained by Equation 4. Annual repair 
and isaintenance time (DTPYNP) is excluded from the 
definition of the duty cycle. 

RBUOl 

a 

Ribbon width in cm. 

GRCMPM 

a 

Growth rate in cm/mi n. 

RBPF 

- 

Number of ribb(ms per furnace. 

FPPU 


Number of furnaces per production unit. For 
convenience of comparison with various data sets, FPPU 
is considered to be unity. 

PRYL 

a 

Process yield. This is expressed as quantity 
sellable/quantity produced. In this study, PRYL is 
considered to be unity as the quantity produced is 
computed excluding the dendrites, etc. Non-uniformity 
of sheet during the start of growth, etc., is 
accounted for in the duty cycle. 

QTYPRN 

m 

Quantity of silicon sheet produced per run. (60.0 x 
0.0001) is the conversion factor for converting 
cm^/min to m^/h. 

QTYPYR 

a 

Quantity of silicon sheet produced per year. This is 


the product of QTYPRN and RNPYR. 


D. EQUIPMEHT 

EQPT - FRNC (7) 

where 

FRNC ** Furnace cost ($/fumace). This is estimated on the 

assumption, that 100 machines are bought. 
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E. AREA 

AREA - ARPF x FPPU (8) 

i^ere 

ARPF " The area required for each procesa equipnent unit and 

its operators (ft^/furnace) . 

F. DIRECT LABOR 

OPPU • FPPU/FPO (9) 

DLAB - OPPU X PRILB x 40 x 52.142 x (365 - DTPYNP) x 24/1760 (10) 


where 


OPPU 

FPO 


DLAB 


PRTLB 


Ninsber of operators per production unit per shift. 

Hunger of furnaces operated by one operator. FPO will 
have value less than unity if store than one operator 
is required to operate the equipment (furnace). 

The annual cost of direct labor ($/yr). The following 
assumptions are made in computing DLAB (Reference 4): 

(a) A year consists of 52 1/7 weeks (365 days). 

(b) A week consists of five days with eight working 
hours per day (40 h/week). 

(c) Allowing for eight days of paid holidays and 13Z 
absenteeism due to vacations, illness and other 
paid leave, a person works for 220 days per year. 

Based on the above assumptions, the number of person- 
years required for three shifts (continuous operation) 
is computed by multiplying the number of person-years 
required per shift by a factor which is three times 
the ratio obtained by the number of working days per 
year (365 - DTPYNP) divided by 220. 

Labor Pay Rate ($/h). It should be specified whether 
or not the PRTLB includes fringe benefits to determine 
the appropriate coefficient to be used in computing 
AMC. 


G. MATERIAL 

CRBLYR - (CRCBL x RNPYR x FPPU)/CRLT 


( 11 ) 
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where 


H. 


PWCY 

FAY 

mis 

PWCY 

CRBLYR 

CRCBL 

CRLT 

FAY 

ARGPR 

FAFR 

WH?Y 


RMLHHR - (ECLT * TGCDT)/RHUmR 
(ARGPR/100) X FAFR x WHPY x PWCY x FPPU 
CRBLYR ♦ FAY 


( 12 ) 

(13) 

(14) 


Power cycle. This is the fraction of run tine during 
which the power is on. 

Cost of crucibles required ($/yr). 

Cost of crucibles ($/furnace). 

Crucible lifetisie (runs). 

Cost of furnace argon ($/yr). 

Cost of argon ($/100 ft^). 

Furnace argon flow rate (ft^/h/furnace). 

Working hours per year of the furnace. WHPY is the 
product of nm length in hours (RNLNHR) and the number 
of runs per year (RNPYR). 


UTILITIES 

FRPWYR ■ EPRT x FURPC x WHPY x PWCY x FPPU 
UTIL « FRPWYR 


(15) 

(16) 


where 


FRPWYR ■ Cost of furnace power consumption ($/yr). 

EPRT ■ Electric power price ($/kWh). 

FURPC ■ Furnace power consumption (kW/ furnace). 

Equations (3) to (16) provide the infonaation required for computing the 
AMC and the production rate, tihich in turn are used in Equation (2) for price 
estimation. The results for the base-case data are presented in Table 2. The 
breakdown of the estimated price in terms of contributions from each cost 
parameter and also in percentage is given in Table 2. The SAIPEG program can 
be used to compute the price with different sets of input data. The sensi- 
tivity analysis capability of the SAIPEG program is described below. 
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Table 2. Price Eetiaatlon Reeulta Uein( Baae~Caae Data 


PBODOCTKHI BATE 


Production quantity per run 




9.7J 


Production quantity per year 




1,140.75 


COST PARAMETER AND COEFFICIEHTS 


Parasieter 

Quantity 

Coefficient 

Equipment ($) 

15,400 

Cl - 

0.57 

Area (ft^) 

30 

C2 - 109.00 

Direct labor ($) 

3,494 

C3 - 

2.80 

Materials ($) 

2,306 

C4 ■ 

1.20 

Utilities ($) 

1,193 

C5 - 

C4 



REQUIRED ANNUAL REVENUE 


Annual manufacturing 

costs (AMC) ($/yr) 

26,030.81 

ADD-ON 

PRICE ESTIMATE AND ITS BREAKDOWN 

Parameter 

$/m^ 

X 

Equipment 

7.695 

33.722 

Area 

2.867 

12.562 

Direct Labor 

8.576 

37.583 

Materials 

2.426 

10.632 

Utilities 

1.255 

5.501 

Total Price 

22.819 

100.000 


The baee-caee data refer to a machine growing one ribbon 5 cm wide, at a rate 
of 3 cm/min. It is asstmed that 18 such machines are operated by one person. 
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SECTIOH III 
SBII81TIVITY Al^YSIS 


The 8AIPEG pr<^m can parfoni a aaaaitlvity analysis of the process 
add-on price as a function of the production rate or of any of the cost 
parasMters within a specified rai^e with known increments. The sensitivity 
analysis is performed with respect either to the production rate or to any of 
the cost paraMters, varied one at a tisw with the rest of the data held 
constant. The production rate aiul the cost parmseters in turn are varied by 
changing some of the basic input parsMtersy as described below. Given the 
process add-on price « the sensitivity analysis is perfonsed by varying the 
silicon pricey and other parsMters such as sheet thickness and cell efficiency. 


A. PRODUCTION RATE 

The production rate is varied by chatting any of the two basic para- 
TCters: (a) run length (RNLNHR) and (b) growth rate (cm^/min). For the 

fixed value of RNLNHR, the growth rate is changed from a specified miniimim 
value to a specified maximiai value with a desired increMnt. For each value 
of the growth rate, the add-on price is computed and growth rate vs add-on 
price is plotted. The procedure is repeated for each RNLNHR specified. The 
results for the example studied are discussed below. 


B. EQUIPMENT 

The contribution of equipment to AMC is calculated by varying (a) equip- 
ment lifetime and (b) equipment cost. For a given lifetime of equipment, the 
equipment cost (EQPT) is var’ied from a minimum value to a maximum value with 
specified increments. For each value of equipment cost the add-on price is 
estimated and the graph of equifsaent cost vs add-on price is plotted. The 
procedure is repeated for all of the values of equipment life of interest. 


C. AREA, MATERIAL, AND UTILITIES 

For each of these cost paraa^ters the corresponding contributions to AMC 
are varied from minimum to maxianaa values with specified increments. The add- 
on price is estimated for each value of a parameter and parmaeter vs add-on 
price is plotted. Sensitivity analysis is performed with respect to one para- 
Mter at a time. 

k- 

^ D. DIRECT LABOR 

The contribution of DLAB to AMC is varied by changing two of the basic 
input parameters! (a) labor pay rate (PRTLB), and (b) the number of furnaces 
operated per operator (FPO). For a specified PRTLB, FPO is varied from a 
minimum to the specified maximum with desired increments. For each value of 
FPO, add-on price in computed and FPO vs add-on price is plotted. The proce- 
dure is repeated for each value bf PRTLB of interest. 
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E. SILICON PRICE 

The add-on priea of tha web ailicon sheet pr^eas is coaputed 

ignoring the coat of silicon. The total price of sheet should include the 
cost of silicon aaterial. The Silicon Material Task of the FSA Project is 
working on the problems of reducing the silicon price. The sensitivity 
analysis is performed by varying the silicon price. Other parameters varied 
are sheet thickness ai^ cell efficiency. For the fixed value of sheet 
thickness and cell efficiency, the add-on price is computed in terms of $/Vp 
and silicon price vs add-on price is plotted. The procedure is repeated for 
each coabinatiwi of sheet thickness ami cell efficiency specified. 

The total add-on price for sheet is computed as follows: 

PRl - WFP/CINSC X ECE x CY) 

PR2 - SIP X TH X CONF x SILDN/ClNSC x ECE x CY x SWY) 

PRICE - PRI PR2 


where 


WFP 

IN SC 

ECE 

CY 

SWY 

SILDN 

CONF 


Web sheet process add-on price in $/m^. 
Insolation constant (assumed to be 1000 W/m^). 
Encapsulated cell efficiency. 

Sheet to cell yield. 

Silicon to sheet yield. 

Silicon density (2330 kg/m^>. 

Conversion factor for converting mils to meters 
(0.0000254). 


TH 
SIP 
PRl 
PR 2 
PRICE 


Sheet thickness in mils. 

Silicon price in ($/kg). 

Web process add-on price in $/Wp. 

Silicon material add-on price in $/Wp. 

Total sheet add-on price in $/Wp including cost of 
silicon. 


It may be noted that the sensitivity analysis with respect to any of the 
cost parameters can be repeated for each value of the DTCY and PRYL and their 
specific combination of interest. Data and the results are discussed in the 
next section. 
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nCTIOR IV 


841PEG EE8ULTS FOR THE HER PKXSSS 


Data for the acmionic analytit of Cha web procaaa are being generated 
and continuoualy iq^datedy baaed on technology developaent experience. Ueet<* 
inghouse R&D Center has demmatrated ribboa growth aa wide aa 4.4 oa and growth 
apeeda aa high aa 6.7 cn/ain. Melt repleniatnent haa been incorporated in tlM 
deaign of the furnace. A machine capable of growing ribbon 5 cm wide at a 
apeed of 5 ca/ain ia being developed. The baae-caae data provided in Table 1 
reflect the projected valuea for a machine of deaired production rate. The 
data have been grouped by production rate awl the five coat paraaetera. 

IPEG price eatiaation reaulta baaed on the baae-caae data of Table 1 are 
preaented in Table 2. It ia eatiaated that 1140.75 a^ of ailicon aheet would 
be produced per machine per year at a coat of $26|031| reaulting in an add-on 
price of $22.82/a^. The coaqpoaition of tMC in teraa of the coat paraMtera 
and the correapomling coefficienta are given in Table 2. The add-on price 
breakdo%m in teraa of coat parameter contributiona ia preaented in Table 2. 
Direct labor ia the primary coat driver, contributing 381 of the add-on price; 
utilitiea contribute only 5X. The contribution of equipment coat ia 34Z of 
the add-on price, and the contributiona of area and aateriala are 12X and IIZ 
respectively. 

The eatiaated add-on price of $22.82/a^ with the projected data is below 
the FSA Project goal of $38.6/a^ for the «reb process. If technical develop- 
ment ia achieved according to the projections, the «wb process more than meets 
the project goals. Because of the inherent uncertainty of such projections, 
the sensitivity of the add-on price with reapect to the production rate, the 
coat parameters, and the silicon price is of interest. The results of the 
sensitivity analysis are presented below. 


A. 


PRODUCTION RATE 


For this analysis, run length is varied from 1 day to 5 days with 1-day 
increments. Growth rate is varied from 10 ca^/min to 40 ca^/ain with incre- 
ments of 5 ca^/min. The base-case datum for run length is 3 days aiKl for the 
growth rate is 25 ca^/ain. The variation of run length in turn affects the 
nui^er of furnaces operated by one operator. The furnaces are in autcmatic 
growth mode during most of the time of run length. The operator uses his time 
performing t%ra functions: (a) cleaning, loading and start of growth, and 

(b) surveillance of fumacea in automatic aode. The time required for 
function (a) per furnace per run is aast»ed to be 2 hours. If an operator 
starts two fumacea per shift he uses hia time equally for functions (a) and 
(b) and at the end of one day six furnaces will be operating. If the run 
length is 3 days, furnaces per operator (FPO) u.ll be 18 am) FPO will be 24 
and 30 for run lengths of 4 and 5 days, respectively. It is assumed that 4 
hours of operators time per shift will be enough for function (b) for FPO as 
high as 30. For shorter run lengths of 1 and 2 days, FPO will be 6 and 12 
respectively and the time used for function (b) becomes excessive. For run 
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length of one dey, 3 furneeea can be started per shift and FPO can be 9 

instead of 6. The smm holds for run length of 2 days* f?0 of 15 is also 

considered assiming that 2.5 MChines are started per shift. All of these 
cases have been considered in the analysis. The results of add-on price vs 
area growth rate with run length as a parnseter are shi»m in Figure 1. 

It is observed in Figure 1 that the price goal is SMt with growth rate 
as low as 15 ca^/ain for run length of 3 days. Area grmrth rates of 36 
ca^/ain and 28.5ca^/ain for FPO 6 and 9, respectively, will be necessary 
to aeet the price goal for run length of 1 day. For run length of 1 to 3 
days, the process is labor-intensive, with labor cost contributing to 60X to 
38X of the price, respectively. If the run length is increased to 5 days, the 
labor contribution is reduced to 27X. For run length of 4 days, the add-on 
price variation with FPO 22 or 24 is negligible. Siailarly, for run length of 
5 days, the add-on price variation is not significant when FPO is changed froa 
25 to 30. It is observed that the curves are asyaptotic. For run length of 
three days or aore, the reduction in add-on price for a growth rate aore than 

30 ca^/ain is aarginal. WRDC has deaonstrated both web width of 5 ca and 

growth rate of 5 ca/ain, but not similtaneously except for a short period. 
Efforts should be concentrated on achieving a steady state of growth for run 
lengths as long as 3 days at a rate of 25 ca^/ain. 


B. COST OF EQUIPMENT 

The cost of equipsient for the base-case data in Table 1 is $15,400 and 
the lifetiae of the equipaent is 7 years. It is observed in Table 2 that 
nearly one third of the add-on price is contributed by the equipaent cost. 
Equipaent cost should be reduced if possible. The cost of equipaent is varied 
by considering the life of equiixaent to be 3, 5, 7, 10, 15 and 20 years; for 
each of the assuaed lifetiaes the cost varies froa $5,000 to $30,000, with 
increaents of $5,000. The graph of add-on price vs equifssent cost is shown in 
Figure 2. For equipaent of 3 years' lifetiae, cost can be as high as $30,000 
and still aeet the goal. For equipaent of aore than 3 years lifetiae, the 
cost can be higher than $30,000 and still aeet the goal. 


C. AREA, MATERIALS AND UTILITIES COSTS 

The base-case value for area is 30 ft^ per aachine, contributing 12X of 
the add-on price. Area required is varied froa 10 ft^ to 60 ft^. The graph 
of area vs add-on price* is given in Figure 3. The area can be increased to 60 ft^ 
without exceeding the price goal. 

The cost of aaterial^ for the base case is $2,306, contributing only IIZ 
of the add-on price. The graph of aaterials cost vs add-on price is shown in 
Figure 4. For suiterials cost as high as $4,000, the add-on price is still 
below the price goal. 

The base-case data give $1,193 as utilities cost, contributing only 52 
to the add-on price. The add-on price is least influenced by this parameter. 
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ADD-ON PRICE (S/m^) 



Figure 1. Add-on Price vs Web Process Growth Rate 
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Figure 4. Add-on Price Web ve Process Direct Materiel Cost 








Th« ucilitlai eott varlM item ISOO to $3,<HK}; ttio graph of utility coat vs 
add-on pries la givan in Figure 5. It aap bo obaarv«l that the utilities cost 
can go as high as $3,0<K> vitluMit axcaedii^ tha goal. 


D. DllECT LABOR COST 

The base-ease data have shown that direct labor is tha priawry cost 
driver, contributing 38X of the add-on price. The direct labor cost is a 
function of the labor pay rate end the nueber of furnaces operated by a single 
operator. T)m base case assuees an operator pay rate of l6.30/h (escli^ing 
fritia^. oanefits) with one worker operating 18 furnaces. For the sensi- 
tivity analysis, the labor {My rate is varied frtm $S/h to |9/h (excluding 
fringe benefits)- TIm ntaber of furnaces operated by a single ojMrator 
(FFO) is varied from 6 to 36 for each labor pay rate considered. The graph.^ 
of FPO vs add-on price are shown in Figure 0. It «ay b« observed that the 
cost of direct labor is reduced considerably when FPO is increased fr<» 6 to 
24. The incrMMntal decrease in the add-on price for FPO greater than 24 is 
negligible, as the curves arc asymptotic. This suggests chat efforts to auto- 
oate the equipMnt in order to Increase FTO should 1 m United to achieve FPO 
between 24 and 30. There is not nuch control over the labor pay rate, which 
is governed by external factors. AutMation reduces the skills required and 
reduces the labor cost. For FPO of IS the price goal is net with a labor pay 
race of more than |9/h. It is also shown that the price goal is not net with 
FPO of 6 and labor pay rate as low as l6.30/h. 


E. SILICON PRICE 

The total add-on price of silicon sheet is the sun of the add-on price 
of the sheet process and of silicon aaterial. The add-on price of the web 
process in l/o^ is converted to l/Hp with the known value of the Insolation 
constant, sheet-to-cell yield and eucapsulated cell efficiency. The add-on 
price of silicon in the cell in t'nlp is dependent (in addition to the above 
paraaeters) on sheet thickness and on silicon-to-sheet yield. For the purpose 
of Che current study, the all icon- to-shcec yield is aattmed to be a constant 
90Z and sheet to cell yield is assumed to be a constant 9SZ. The thickness of 
the sheet is varied from 2 ails to 8 ails with increments of 2 nils and the 
encapsulated cell efficiencies considered are lOZ to 15Z. Silicon price is 
varied from Il5/kg to |85/kg with ineresMnts of IS/kg. For a given sheet 
thickness, the plot of silicon price vs add-on price in $/U- is drawn with 
cell etficiency as a parameter. TIm results are presented In Figures 7a, 7b, 
7c, and 7d for sheet thicknesses of 2 alls, 4 ails, 6 nils and 8 niis respec- 
tively. 


It is observed that with sheet 2 ails thick (Figure 7a), the price goal 
is achieved with lOZ-efficient cells for silicon prices as high as |7S/kg. 

For higher-efficiency c^lls 2 nils chick, the silicon price will not interfere 
with achieving tlM goal. Four-ails-thick cello would achieve the goal with 
lOZ cell efficiency and silicon price of t33/kg (Figure 7b); for 4-ails-thick 
cells with i^Z or note efficiency, the silicon price is not a problem. For 
the 6-ail-thick sheet and cell efficiency of lOZ, t)M price of silicon aust 
not be more chan |24/kg in ordar to achieve the goal (Figure 7c). With cells 
5 nils thick with ISZ efficiency, the silicon price can be as high as |6S/kg. 
With 8-nils-thick cells and lOZ efficiency, the silicon price should not be 
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Figure 6. Add-on Price vs Web Process Direct Labor Cost 
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Figure 7a. Add-on Price vs Silicon Price for Sheet Using Web Process for 
Sheet Thickness of 2 mils 
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Figure 7d. Add-on Price vs Silicon Price for Sheet Using Web Process for 
Sheet Thickness of 8 nils 






awe then $18/kg (Figure 7d); for ISX-efficieQt cells the silicon price csn be 
SB high as $49/kg. 

The silicon asteriels tssk goal is to achieve a silicon price of $14/kg; 
the cell-efficiency goal for the web procesa is 14X. It is ewiceivable that 
the web process will fK>t just achieve the goal of |0.70/Wp, but surpass it. 

This technology has the potential of bringing the module price down to $0. 50/Up. 
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8ECTI(»i V 


COKCLUSXOilS 


The projected input date set for econoaiic analysis by IPEG indicates that 
the add-on price goals can be easily net if all of the assimptions implied in 
the input data set are achieved. The ribbon-grouth equlfment is expected to 
operate on a continuous basis with melt replenistesent, growing one ribbon 5 ca 
wide, at the rate of 5 ca/ain. Each of these parasMters, such as ribbon width 
and growth rate, has been shown to achieve the desired values independently. 
However, continuous steady growth of web at desired widths, speed, and run 
lengths has not been achieved. Efforts are being directed toward achieving 
this in order to attain Technical Readiness. 

The add-on price breakdown indicates that the cost of direct labor is 
the priatary cost driver, contributing 38Z of the price; the cost of utilities 
is the weakest cost driver, contributing only 5% of the price. Efforts should 
therefore be directed to reduce the labor requirement by increasing automation. 
The sensitivity analysis indicates that it does not pay significantly to 
increase the number of furnaces tended by an operator to more than 24. The 
equipment cost contributes one third of the add-on price. It is worthwhile to 
work on minimizing that cost. For 6-in. -thick web sheet and 15% encapsulated 
cell efficiency, the silicon price can be as high as $65/kg and still meet the 
price goal. By achieving growth of thinner sheets and lower prices for 
silicon, the web process technology can sieet a $0.50/Wp goal. 

The SAIPEG analysis is helpful in understanding the relative importance 
of the cost parameters and the add-on price sensitivity to each of them. This 
knowledge would be useful in planning efforts to improve the most sensitive 
cost paraiseters. The SAIPEG analysis should be performed on a continuous 
basis when results dictate modification of base-case input data. 
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